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(54) Multi-gate transistor and method for manufacturing the same 



(57) In a semiconductor capable of reducing NBTI 
and a method for manufacturing the same, a multi-gate 
transistor includes an active region, gate dielectric, 
channels in the active region, and gate electrodes, and 
is formed on a semiconductor wafer. The active region 
has a top and side surfaces, and is oriented in a first 
direction. The gate dielectric is formed on the top and 
side surfaces of the active region. The channels are 
formed in the top and side surfaces of the active region. 
The gate electrodes are formed on the gate dielectric 
corresponding to the channels and aligned perpendicu- 
lar to the active region such that current flows in the first 
direction. In one aspect of the invention, an SOI layer 
having a second orientation indicator in a second direc- 
tion is formed on a supporting substrate having a first 
orientation indicator In a first direction. A mutti-gate tran- 
sistor is formed on the SOI layer. The first direction and 
the second direction are the same, or the first direction 
is at 45 degrees with respect to the second direction. In 
another aspect of the invention, the intersection of the 
top and side surfaces of the active region are curved, 
further reducing NBTI. in another aspect of the inven- 
tion, a mufti-gate transistor is formed on a shallow trench 
isolation region of a bulk wafer. 
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Description 

[0001] This application relies for priority upon Korean 
Patent Application No. P2004-001 1 328, Hied on Febru- 
ary 20, 2004, the contents of which are herein incorpo- 
rated by reference in their entirety. 

BACKGROUND OF THE INVENTION 

Field of the invention 

[0002] The present invention relates to a semiconduc- 
tor device having a multi-gate transistor and a method 
for manufacturing the same, and more specifically, to a 
semiconductor device and a method for manufacturing 
the device in which the degradation due to negative bias 
temperature instability (NBTI) In triple gate transistors 
Is reduced. 

Description of Related Art 

[0003] Multi-gate transistors, including triple gate and 
FinFET transistors, are one of the most promising can- 
didates for 10nm-level gate length MOSFETs. These 
transistors are based on fully-depleted silicon-on-insu- 
lator (SOI) MOSFETs that improve short channel char- 
acteristics and improve subthreshold behavior by offer- 
ing an ideal subthreshold swing, which guarantees the 
scaling merits of speed enhancement and power reduc- 
tion. 30 
[0004] One reliability issue regarding scaled MOS- 
FETs is negative bias temperature instability (NBTI). 
NBTI occurs in MOSFETs under constant voltage, 
where bias temperature stress under the constant volt- 
age causes the generation of interface traps Nn- be- 33 
tween the gate oxide and silicon substrate, resulting in 
a threshold voltage V T shift and a loss of drive current 
Ion as a function of time. 

[0005] It is generally understood that NBTI degrada- 
tion is due to hydrogenated silicon dangling bonds at the 40 
Si/Sf0 2 interface. NBTI-stress-induced interface trap 
generation has been identified as being due to breaking 
of Si-H bonds induced by inversion layer holes and sub- 
sequent diffusion of broken hydrogen in the form of H 2 
species. 4 * 
[0006] Mufti-gate transistors have different trap state 
densities at the interface for each channel due to differ- 
ent crystal orientations. This may also be due to the 
channels in the multi-gate transistors having oxides of 
different qualities. Therefore, an increase in trap states so 
on the side channel surface of the multi-gate transistor 
may occur. In addition, the surrounding gate structure 
of a triple gate transistor locally enhances the electric 
field, which may also cause NBTI degradation. The 
NBTI effect is found to be more severe for PMOS FETs 55 
than NMOS FETs due to the presence of holes in the 
PMOS inversion layer that are known to interact with the 
oxide states. NBTI in p-MOSFETs, involving interface 



and buflc trap generation and causing device parameter 
degradation, is a serious reliability concern for both an- 
alog and digital CMOS circuits. NBTI is most problem- 
atic for high-performance or high-reliability devices, and 
anaiogAnixed-signal devices are more susceptible than 
digital devices. 

[0007] RG. 1 A contains a schematic oblique view il- 
lustrating the structure of a conventional triple gate tran- 
sistor. FIG. 1B contains a schematic cross-sectional 
view of the conventional triple gate transistor of FIG. 1 A, 
taken along line I - 1' of F(G. 1 A. The triple gate transistor 
of FIGs. 1A and 1B comprises an active region 10, a 
gate electrode 30, and a gate dielectric 40. The active 
region 10 has a top surface 12 and side surfaces 14. 
The top surface 12 of the active region has a crystal 
plane in a {100} orientation and the side surfaces 14 of 
the active region have crystal planes in a {1 10} orienta- 
tion. It Is generally understood that the crystal orienta- 
tions {100} and {110} follow the Miller Indices conven- 
tion, identifying a family of equivalent planes in a silicon 
diamond cubic lattice structure. In this configuration, 
NBTI occurs because there are a larger number of trap 
states in the {110} surfaces. The NBTI results in large 
threshold voltage shifts in the side channel transistors. 
[0008] In addition, the interface traps can occur in the 
comers of the active region where the electric field in 
the gate oxide is stronger than the other flat gate oxide 
regions, and which can be another cause of NBTI in tri- 
ple gate transistors. 

SUMMARY OF THE INVENTION 

[0009] To address the above limitations, a first feature 
of the present invention is to provide a semiconductor 
device having a triple gate transistor that is capable of 
minimizing NBTI. 

[0010] A'second feature of the present invention is to 
provide a method for forming a semiconductor device 
having a triple gate transistor that is capable of minimiz- 
ing NBTI. 

[0011] In accordance with a first aspect of the inven- 
tion, there is provided a semiconductor device compris- 
ing a semiconductor wafer and a multi-gate transistor 
formed on the semiconductor wafer. The multi-gate tran- 
sistor comprises an active region, a gate dielectric, 
channels in the active region, and gate electrodes. The 
active region of the multi-gate transistor has top and side 
surfaces. The top and side surfaces are formed in crys- 
tal planes of a first orientation. The active region is ori- 
ented in a first direction. The gate dielectric is formed 
on the top and side surfaces of the active region. Chan- 
nels are formed in the top and side surfaces of the active 
region. Gate electrodes are formed on the gate dielectric 
corresponding to the channels and are aligned such that 
the gate electrodes are perpendicular to the active re- 
gion. Since the gate electrodes are perpendicular to the 
active region, current flows in the first direction. 
[0012] The crystal planes of the first orientation can 
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be {100} crystal planes. The first direction can be a 
<100> crystal direction. 

[0013] The semiconductor wafer can comprise an ori- 
entation indicator that indicates a <110> crystal direc- 
tion, wherein the active region of the multi-gate transis- 
tor is aligned at 45 degrees with respect to the orienta- 
tion indicator. 

[0014] According to another aspect of the present in- 
vention, there is provided an SOI device including a sup- 
porting substrate, a SOI layer, and a multi-gate transis- 
tor. The supporting substrate has a first orientation indi- 
cator in a first direction. The SOI layer is formed over 
the supporting substrate, and has a second orientation 
indicator in a second direction. The multi-gate transistor 
is formed on the SOI layer, and comprises an active re- 
gion in the multi-gate transistor, channels formed in the 
active region, and gate electrodes corresponding to the 
channels. The active region In the multi-gate transistor 
has a top and side surfaces and is aligned at 45 degrees 
with respect to the second direction. The channels are 
formed in the top and side surfaces of the active region. 
The gate electrodes corresponding to the channels are 
aligned perpendicular to the active region. 
[0015] In one embodiment, the first direction and the 
second direction are the same, or the first direction can 
be 45 degrees with respect to the second direction. The 
second direction can be the <110> crystal direction, and 
the active region can be aligned in the <1 00> crystal di- 
rection 

[0016] In another embodiment, the active region has 
the lop and side surfaces in {100} crystal planes. 
[0017] In accordance with certain embodiments, the 
semiconductor device and the SOI device may further 
include an intersection of the top and side surfaces of 
the active region that Is curved. A radius of curvature of 
the curve at the intersection of the top and side surfaces 
may be at least 4.5 times the thickness of the gate die- 
lectric. 

[001 8] According to another aspect of the present in- 
vention, there is provided a semiconductor device com- 
prising a semiconductor wafer, a shallow trench isola- 
tion region, and a multi-gate transistor. The shallow 
trench isolation region is on the semiconductor wafer. 
The multi-gate transistor is on the semiconductor wafer 
in proximity to the shallow trench isolation region. The 
multi-gate transistor comprises an active region, a gate 
dielectric, and gate electrodes. The active region has a 
top and side surfaces formed in crystal planes of a first 
orientation, wherein the active region has a first direc- 
tion. The gate dielectric is formed on the top and side 
surfaces of the active region. The gate electrodes are 
formed on the gate dielectric and aligned perpendicular 
to the active region such that current Mows in the first 
direction. 

[0019] The crystal planes of the first orientation can 
be {100} crystal planes. The first direction can be a 
<100> crystal direction. 

[0020] The semiconductor wafer can include an ori- 
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entation indicator that can indicate a <110> crystal di- 
rection. The active region can bfe aligned 45 degrees 
with respect to the orientation indicator. 
[0021] The top and side surfaces of the active region 
can be curved. A radius of curvature at the intersection 
of the top and side surfaces can be formed to be at least 
4.5 times the thickness of the gate dielectric. 
[0022] A lower portion of the shallow trench isolation 
region can contain a dielectric material. 
[0023] In accordance with another aspect of the in- . 
vention, there is provided a method for forming a semi- 
conductor device. In the method, a semiconductor wafer 
is provided, and a mufti-gate transistor is formed on the 
semiconductor wafer. Forming the multi-gate transistor 
comprises forming an active region having a top and 
side surfaces in crystal planes of a first orientation and 
orienting the active region In a first direction. A gate di- 
electric Is formed on the top and side surfaces of the 
active region. Channels are formed in the top and side 
surfaces of the active region. Gate electrodes are 
formed on the gate dielectric corresponding to the chan- 
nels and are aligned perpendicular to the active region. 
[0024] The active region can be formed having the top 
and side surfaces in {1 00} crystal planes. The active re- 
gion can be oriented in a <1 00> crystal direction. 
[0025] The semiconductor wafer can have an orien- 
tation indicator which indicates a <110> crystal direc- 
tion, and the active region can be aligned 45 degrees 
with respect to the orientation indicator. 
[0026] An intersection of the top and side surfaces of 
the active region can be curved. A radius of curvature 
at the intersection of the top and side surfaces can be 
formed to be at least 4.5 times the thickness of the gate 
dielectric. 

[0027] In accordance with another aspect of the 
present invention, there is provided a method for form- 
ing a SOI device. In this method, a supporting substrate 
is formed having a first orientation indicator in a first di- 
rection. An SOI layer is formed over the supporting sub- 
strate and has a second orientation indicator in a second 
direction. A mufti-gate transistor is formed on the SOI 
layer. Forming the multi-gate transistor comprises form- 
ing an active region having a top and side surfaces, 
wherein the active region is aligned at 45 degrees with 
respect to the second direction. Channels are formed In 
the top and side surfaces of the active region. Gate elec- 
trodes corresponding to the channels are formed and 
are aligned perpendicular to the active region: 
[0028] In one embodiment, the first direction and the 
second direction can be the same or the first direction 
can be at 45 degrees with respect to the second direc- 
tion. 

[0029] The method of forming the SOI layer can com- 
prise forming a buried oxide layer, then forming a Si sur- 
face layer on the buried oxide layer. The Si surface layer 
can define the second direction. The first direction and 
the second direction can be the same, or the first direc- 
tion can be 45 degrees with respect to the second di- 
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rection. 

[0030] The active region can be formed having a top 
and side surfaces in {100} crystal planes. The second 
direction can be the <1 1 0> crystal direction, wherein the 
active region is oriented in a <100> crystal direction. 
[0031] An intersection of the top and side surfaces of 
the active region can be curved. A radius of curvature 
at the intersection of the top and side surfaces can be 
formed to be at least 4.5 times the thickness of the gate 
dielectric. 

[0032] In forming the active region with the curved in- 
tersection of the top and side surfaces, a buffer oxide 
layer is formed on the SOI layer. A silicon nitride layer 
is formed on the buffer oxide layer. The silicon nitride 
layer and the buffer oxide layer are etched to form a 
mask. An active region is defined using the mask. The 
SOI layer is oxidized to form an oxidized SOI layer. The 
oxidized layer and the Si surface layer are etched using 
the mask. The silicon nitride layer and the oxidized layer 
are removed, exposing the active region. The step of 
oxidizing the SOI layer can create a "bird's beak - shape 
in the oxidized layer to create the curved intersection of 
the top and side surfaces of the active region. The step 
of forming the active region can further comprise align- 
ing a lithography mask having an active pattern 45 de- 
grees with respect to the second direction of the SOI 
layer, or aligning a lithography mask having a <1 1 0> ori- 
ented active pattern at 45 degrees with respect to the 
second direction of the SOI layer. The step of forming 
the gate electrodes can comprise oxidizing the exposed 
active region. 

[0033] In accordance with another aspect of the 
present invention, there is provided another method of 
forming a semiconductor device. Ih this method, a sem- 
iconductor wafer is formed. A shallow trench isolation 
region is formed on the semiconductor wafer. A multi- 
gate transistor is formed on the semiconductor wafer in 
proximity to the shallow trench isolation region. With re- 
gard to the formation of the multi-gate transistor, an ac- 
tive region is formed having a top and side surfaces in 
crystal planes of a first orientation. A gate dielectric is 
formed on the top and side surfaces of the active region. 
Gate electrodes are formed on the gate dielectric and 
are aligned perpendicular to the active region. 
[0034] The crystal planes of the first orientation can 
be formed as {1 00} crystal planes. The first direction can 
be in the <100> crystal direction. 
[0035] The active region can be formed with a curved 
intersection of the top and side surfaces. A radius of cur- 
vature at the intersection of the top and side surfaces 
can be formed to be at least 4.5 times the thickness of 
the gate dielectric. 

[0036] An orientation indicator on the semiconductor 
wafer can indicate a <11 0> crystal direction. The active 
region can be formed by afigning a lithography mask at 
45 degrees with respect to the orientation indicator. The 
active region can also be formed by aligning a lithogra- 
phy mask with the orientation indicator, the mask having 



a <110> oriented pattern at 45 degrees with respect to 
the orientation indicator. 

i [0037] The gate dielectric and the gate electrode can 
be formed sequentially. The shallow trench isolation re- 

s gion can be formed by filling a lower portion of the shal- 
low trench isolation region with dielectric materials. 
[0038] According to the present invention, an active 
region of a triple gate transistor having a top surface on 
a {1 00} crystal plane and side surfaces on a {1 00} crystal 

10 plane is formed by orienting the channel to have a < 1 00> 
drection, and allowing .current to flow substantially 
along the <100> direction. This approach can reduce 
the degradation of NBT1 in triple gate transistors, as dis- 
tinguished from transistors formed in {110} crystal 

15 planes, in which no channels exist on the side surfaces 
of the {110} crystal planes. Further, NBTI can be miti- 
gated by qn active region having a rounded comer be- 
tween the channel regions In the top and side surfaces 
of the active region for preventing the electric field from 

20 concentrating to the gate dielectric in the comer. For 
these reasons, a significant reduction in NBTI can be 
achieved. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 

[0039] The foregoing and other objects, features and 
advantages of the invention will be apparent from the 
more particular description of preferred aspects of the 
invention, as illustrated In the accompanying drawings 

30 in which like reference characters refer to the same 
parts throughout the different views. The drawings are 
not necessarily to scale, emphasis instead being placed 
upon illustrating the principles of the invention. Iri the 
drawings, the thicknesses of layers are exaggerated for 

35 clarity. 

[0040] FIG. 1 A contains a schematic oblique view of 
the structure of a conventional triple gate transistor. 
[0041] FIG. 1 B contains a schematic cross-sectional 
view of the conventional triple gate transistor of FIG. 1 A, 
40 taken along line I - 1' of FIG. 1 A. 

[0042] FIG. 2A contains a schematic oblique view of 
a triple gate transistor according to an embodiment of 
the present invention. 

[0043] FIG. 2B contains a schematic cross-sectional 
45 view of the triple gate transistor of FIG. 2A, taken along 
line II -ir of FIG.2A. 

[0044] FIG . 3 contains a schematic top vie w of a sem- 
iconductor wafer on which is formed the triple gate tran- 
sistor of FIGs. 2A and 2B. 

so [0045] FIG. 4 contains a schematic top view of an SOI 
device comprising a triple gate transistor according to 
another embodiment of the present invention. 
[0040] FIG. 5 contains a schematic top view of an SOI 
device comprising a triple gate transistor according to 

55 another embodiment of the present invention. 

[0047] FIG. 6A contains a schematic oblique view of 
a triple gate transistor according to another embodiment 
of the present invention. 
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[0048] FIG. 6B contains a schematic cross-sectional, 
view of the triple gate transistor of FIG. 6A. taken along ' 
line III - III" of FIG. 6A. 

[0049] FIG. 7 contains a graph of electric field versus 
comer radius for the device of FIGs. 6A and 6B. 5 
[0050] FIG. 8A contains a schematic oblique view of 
a triple gate transistor according to another embodiment 
of the present invention. 

[0051] FIG. 8B contains a schematic cross-sectional 
view of a triple gate transistor of FIG. 8A, taken along 10 
line IV - IV of FIG. 8A. 

[0052] FIG. 9 contains a flowchart of the steps used 
to form a semiconductor device according to an embod- 
iment of the present invention. 

[0053] FIGs. 10A through 10G contain schematic '5 
cross-sectional views illustrating the sequential steps of 
forming a semiconductor device having a triple-gate 
transistor according to an embodiment of the present 
invention. 

[0054] FIG. 11 contains a graph which compares the 20 
time evolution of a threshold voltage shift caused by 
NBT1 stress between a p-channel triple gate transistor 
with a channel direction of <1 1 0> and planar transistors. 
[0055] FIG. 12 contains a graph which compares the 
stress gate voltage dependence of the threshold voltage & 
shift caused by NBTI stress between p-channel triple 
gate transistors with a channel direction of <110> and 
planar transistors. 

[0056] FIG. 1 3 contains a graph which compares the 
stress temperature dependence of a threshold voltage 30 
shift caused by NBTI stress between p-channel triple 
gate transistors with a channel direction of <110> and 
planar transistors. 

[0057] FIG. 14 contains a graph which illustrates the 
NBTI result of the present invention. 35 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0058] In the following detailed description, whenever *o 
a layer or structure is referred to as "on" another layer 
or structure, the first layer or structure may be directly 
on the second layer or structure, or other intervening lay- 
ers or structures may be present. 

[0059] FIG. 2A contains a schematic oblique view of 45 
a triple gate transistor according to an embodiment of 
the present invention. The transistor 200 in dudes an ac- 
tive region 210, a gate dielectric 240, and a gate elec- 
trode 230. The triple gate transistor 200 is formed on a 
semiconductor wafer (not shown), in one embodiment, so 
the triple gate transistor is a p-type MOSFET. The active 
region 210 can be formed as a mesa-type pattern by 
mesa etching the semiconductor wafer. The active re- 
gion has a top surface 212 and side surfaces 214. Each 
of the top and side surfaces is formed on a crystal plane, 53 
which describe the orientation of the plane of silicon at- 
oms relative to the principle crystalline axes. 
[0060] FIG. 2B contains a schematic cross-sectionaJ 



view of the triple gate transistor of FIG. 2A, taken along 
line II - IP of FIG. 2A. Referring to FIG. 2B, the triple gate 
transistor 200 is further described. Since the active re- 
gion is a mesa type pattern, the active region contains 
channels in its top and side surfaces. Channel 220 in- 
cludes a first channel region 222, a second channel re- 
gion 224, and a third channel region 226 formed in the 
active region 21 0. The first channel region 222 is formed 
in the top surface of the active region. The second and 
third channel regions 224, 226 are formed in the side 
surfaces of the active region 210. 
[0061] The gate electrode 230 comprises a first gate 
electrode 232 corresponding to the first channel region 
222, and second and third gate electrodes 234, 236 cor- 
responding to the second and third channel regions 224, 
226, respectively. 

[0062] In accordance with the Invention, in the device 
200 of FIGs. 2A and 2B, the top surface 212 of the active 
region is on a {1 00} crystal plane, and the side surfaces 
214 of the active region are on {1 00} crystal planes, by 
orienting the channel 220 in a <100> channel direction, 
wherein current flows substantially along the <100>« 
channel direction. In this manner, the top and side sur- 
faces formed on a {1 00} crystal plane can reduce deg- 
radation of NBTI, as distinguished from side surfaces 
formed on {110} crystal planes, because the side chan- 
nels of triple gate transistors on a {100} surface have 
lower surface trap density than a {110} surface. 
[0063] FIG . 3 contains a schematic top view of a sem- 
iconductor wafer on which is formed the triple gate tran- 
sistor of FIGs. 2A and 2B. Referring to FIG. 3, the triple 
gate transistor 200 is formed on a {1 00} crystal plane of 
the semiconductor wafer 400. The semiconductor wafer 
400 has an orientation notch 402 that serves as a mark 
to indicate ,a <110> crystal direction. As is welt known, 
the orientation notch 402 can also be a flat formed at 
the edge of the wafer 400. When the active region 210 
is a mesa type pattern having channel regions in its top 
and side surfaces, the channel regions automatically 
have {100} crystal planes since the crystal direction of 
the active region 210 of the triple gate transistor is the 
<110> crystal direction. The active region 210 can be 
rotated 45 degrees with respect to the orientation notch 
402, as shown in FIG. 3, such that the active region 210 
is oriented along the <100> crystal direction. The gate 
electrode remains aligned perpendicular to the active 
region such that current can flow between the source 
and drain of the triple gate transistor (not shown) sub- 
stantially along the <100> crystal direction. 
[0064] A relative relationship exists between the ac- 
tive region 21 0 and the orientation notch 402 by rotating 
the active region 46 degrees relative to the orientation 
notch 402. This can be achieved by forming a mask (not 
shown) having an active region pattern that is rotated 
45 degrees with respect to the orientation notch 402 of 
the semiconductor wafer 400 and conventionally align- 
ing the mask and the wafer during lithogjaphy to form 
the active region. Alternatively, a conventional mask 
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having a <110> oriented active region pattern can be 
aligned to be rotated 46 degrees with respect to the ori- 
entation notch on the wafer to establish a 46 degree ro- 
tated relationship between the conventional mask and 
the semiconductor wafer during the lithography proc- 
ess. In either case, a 46 degree rotated relationship be- 
tween the resulting active region and the semiconductor 
wafer is established. 

[0065] FIG. 4 contains a schematic top view of an SOI 
device comprising a triple-gate transistor according to 
another embodiment of the present invention. In FIG. 4, 
a first wafer, such as a silicon (Si) supporting substrate 
510, is formed having an orientation notch 512 in a 
<110> direction. A second wafer such as SOI layer 520 
is then formed having an orientation notch 522 aligned 
in the same <1 1 0> direction as the orientation notch 5 1 2 
of the SI supporting substrate 510. The SI supporting 
substrate 510 and the SOI layer 520 can be bonded to 
each other. An active region 210 and a gate electrode 
230 are formed on the SOI layer 520. When the <11 0> 
orientation notch 522 of the SOI layer 520 is aligned in 
the same direction as the <110> orientation notch 512 
of the Si supporting substrate 51 0, the active region 2 1 0 
can be rotated 45 degrees with respect to the <1 1 0> ori- 
entation notch such that current flows in the <1 00> di- 
rection, as shown in FIG. 4. This can be achieved by 
making a mask, for example a lithography mask (not 
shown), having an active region pattern rotated at 45 
degrees with respect to the orientation notch 522 of the 
SOI layer 520. Alternatively, this can be achieved by 
aligning a conventional mask (not shown), having a 
< 11 0> o'icnted active layer pattern, to the SOI layer 520 
rotated at 45 degrees from the <110> orientation notch 
522 dunng the lithography process used to form the ac- 
tive region 520. In either case, the resulting active region 
210 would be fabricated rotated 45 degrees with respect 
to the <110> orientation notch 512 of the SI supporting 
substrate 51 0. 

[0066] FIG. 5 contains a schematic top view of an SOI 
device comprising a triple gate transistor according to 
another embodiment of the present invention. In this 
embodiment, a Si supporting substrate 610 has an ori- 
entation notch 612 in the <110> direction, and an SOI 
layer 620 is formed having an orientation notch 622 in 
the <110> direction of the SOI layer. The SOI layer 620 
is bonded to the Si supporting substrate 610 such that 
the notches 612 and 622 have 45 degree rotated direc- 
tions with respect to each other. The triple gate transistor 
comprising an active region 210 and gate electrode 230 
is formed in the <100> direction of the SOI layer 620 
such that the triple gate transistor is aligned along the 
same <110> direction of the Si supporting substrate 
620. 

[0067] This configuration is used because of the 
cleavage characteristics of a wafer, which normally 
cleaves along the <110> direction. Therefore, when tri- 
ple gate transistors are formed in the <1 00> direction, it 
becomes diff icult to cleave the transistor along the chan- 



nel direction. This makes cleaving analysis to check the 
cross-section of the SOI device very difficult, which is 
important in the development and manufacturing of a 
semiconductor device. Since trie Si supporting sub- 

5 strate is significantly thicker than the SOI layer, the wafer 
can be cleaved along the <110> direction of the Si sup- 
porting substrate and the <1 00> direction of the SOI lay- 
er, such that the transistor, which is formed along the 
<100> direction of the SOI layer 620, can be analyzed 

10 in cross-section. 

[0068] FIGs. 6A and 6B illustrate another embodi- 
ment of a semiconductor device comprising a triple gate 
transistor, in accordance with the invention. FIG. 6A 
contains a schematic oblique view of the triple gate tran- 

15 sistor, and FIG. 68 contains a schematic cross-sectional 
view of the triple gate transistor of FIG. 6A, taken along 
lines III - III* of FIG. 6A. FIGs. 6A and 6B are analogous 
to FIGs. 2A and 2B described above. Referring to FIG. 
6A, the transistor 2000 includes an active region 21 00, 

20 a gate dielectric 2400, and a gate electrode 2300. The 
triple gate transistor 2000 is formed on a semiconductor 
wafer (not shown). In one embodiment, the triple gate 
transistor is a p-type MOSFET. The active region 2100 
can be formed as a mesa-type pattern by mesa etching 

25 the semiconductor wafer. The active region has a top 
surface ?120 and side surfaces 2140. Each of the top 
and side surfaces is formed on a crystal plane, which 
describe the orientation of the plane of silicon atoms rel- 
ative to the principle crystalline axes. Referring to FIG. 

30 6B, the triple gate transistor 2000 is further described. 
Since the active region is a mesa type pattern, the active 
region contains channels in its top and side surfaces. 
Channel 2200 includes a first channel region 2220, a 
second channel region 2240, and a third channel region 

35 2260 formed in the active region 21 00. The first channel 
region 2220 is formed in the top surface of the active 
region. The second and third channel regions 2240, 
2260 are formed in the side surfaces of the active region 
2100. 

40 [0069] The gate electrode 2300 comprises a first gate 
electrode 2320 corresponding to the first channel region 
2220, and second and third gate electrodes 2340, 2360 
corresponding to the second and third channel regions 
2240, 2260, respectively. 

43 [0070] In accordance with the Invention, in the tran- 
sistor of FIGs. 6A and 6B, the top surface 2120 of the 
active region 2100 is on a {100} crystal plane, and the 
side surfaces 2140 of the active region 2100 are on 
{1 00} crystal planes, by orienting the channel 2200 in a 

50 <1 00> channel direction, wherein current flows substan- 
tially along the <1 00> channel direction. In this manner, 
the top and side surfaces formed on a {100} crystal 
plane can reduce degradation of NBTI, as distinguished 
from side surfaces formed on {110} crystal planes, be- 

55 cause the side channels of triple gate transistors on a 
{1 00} surface have lower surface trap density than a 
{110} surface. 

[0071] As shown in FIGs. 6A and 6B, in this embodi- 
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ment the triple gate transistor includes the active region 
2100 having a rounded comer 3160 for preventing an 
electric field from concentrating in the gate dielectric 
2400 in a comer of the active region 2100. 
[0072] FIG. 7 contains a graph of electric field versus 
comer radius for the device of FIGs. 6A and 6B. With 
reference to the graph shown in FIG. 7, an electric field 
in the comer portion E R of the active region is calculated 
and compared to the electric field E P in the flat portion 
of the active region. The electric field in the flat portion 
is calculated, for example, under the assumption of a 
parallel plate metal-insulator-metal (MIM) capacitor, as- 
suming the radius of curvature becomes larger. As the 
radius of curvature increases, the electric field in the cor- 
ner portion approaches the electric field on the flat 
portion E P . It is therefore desirable that the radius of cur- 
vature is at least 4.5 times greater than the thickness of 
the gate dielectric 2400. For example, when the oxide 
thickness of the gate dielectric 2400 is 1 .3 nm, the radius 
of curvature of the active region must be at least 6 nm 
in order to reduce the electric field concentration effect. 
In this manner, the electric field concentrating effect on 
the comer is reduced by approximately 10% and an 
electric field of the flat portion E P is substantially 
achieved. 

[0073] FIGs. 8A and 8B show a triple gate transistor 
formed on a bulk silicon substrate, in accordance with 
another embodiment of the present invention. FIG. 8A 
contains a schematic oblique view of the triple gate tran- 
sistor according to another embodiment of the present 
invention, and FIG. 8B is a schematic cross-sectional 
view of the triple gate transistor of; FIG. 8A. taken along 
line IV - IV of FIG. 8A. Referring to FIGs. 8A and 8B, a 
Si bulk wafer 700 is formed. A shallow trench isolation 
(STI) region 750 is formed on the bulk wafer 700. A tri- 
ple-gate transistor comprising an active region 710 and 
a gate electrode 730 is formed on the STI region 750. 
A gate dielectric layer 740 is formed on the top surface 
712 and side surfaces 71 4 of the active region 71 0. The 
gate electrode 730 on the gate dielectric layer 740 is 
aligned such that the gate electrode 730 is perpendicu- 
lar to the active region 71 0. 

[0074] In this embodiment, the active region 71 0 and 
the STI region 750 are defined by etching the bulk silicon 
700. The primary surface of the bulk silicon 700 has a 
{1 00} crystal plane. The active region 71 0 has a <1 00> 
crystal direction. Since the bulk silicon has a {1 00} crys- 
tal plane and the active region has a <100> crystal di- 
rection, ft follows that the top surface 712 and side sur- 
faces 71 4 of the active region have {1 00} crystal planes. 
[0075] It is desirable to form a rounded comer 716 at 
the intersection of the top surface 71 2 and side surfaces 
714 of the active region, thus forming a radius of curva- 
ture on the active region 71 0. 

[0076] In one embodiment, a lower portion of the STI 
region is filled with dielectric materials such as silicon 
oxide. In one embodiment, the gate dielectric and the 
gate electrode are formed sequentially. 
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[0077] FIG. 9 contains a flowchart of the steps used 
1 to form a semiconductor device according to another 
embodiment of the present invention. First, as shown in 
step 810, an SOI substrate layer is prepared. Next, as 
5 shown in step 820, an active region is formed on the SOI 
substrate having {100} crystal planes on top and side 
surfaces. Next, as shown in step 830, a gate dielectric 
is formed on the top and side surfaces of the active re- 
gion. Next, as shown in step 840, a gate electrode is 
io formed corresponding to the top and side surfaces of 
the active region. 

[0078] FIGs. 10A through 10G contain schematic 
cross-sectional views illustrating the sequential steps of 
forming a semiconductor device having a triple-gate 

13 transistor according to one embodiment of the present 
invention: As shown in FIG.10A, a structure 900 includ- 
ing a SI supporting substrate 902, a buried oxide layer 
904, and a silicon surface layer 908 is formed. A buffer 
oxide layer 912 with a thickness of approximately 

20 5-1 Qnm is formed on the structure 900. A silicon nitride 
layer 914 with a thickness of approximately 100 nm is 
then formed on the buffer oxide layer 912. The primary* 
surface of the structure 900 is a {1 00} crystal plane ori- 
entation. In one embodiment, the silicon surface layer 

25 906 of the structure 900 is bonded to the Si supporting 
substrate 902 such that the <110> direction of silicon 
surface layer 906 is aligned in the same direction as that 
of the Si supporting substrate 902, wherein the silicon 
surface layer 906 and the Si supporting substrate 902 

30 are in the <110> direction. Alternatively, the <110> di- 
rection of the silicon surface layer 906 is aligned at 45 
degrees rotated from the <110> direction of the Si sup- 
porting substrate 902. • 
[0079] As shown in FIG. 1 0B, the silicon nitride (SIN) 

35 layer 914 and the buffer oxide layer 912 are etched to 
form a mask including a SiN pattern 914a and a buffer 
oxide pattern 912a defining the active region. The mask 
defines the active region such that the active region has 
a crystal direction of <100> in the silicon surface layer 

40 906. 

[0080] As shown in FIG. 1 00, the structure 900 is ox- 
idized, creating an oxidized layer 920 having an oxida- 
tion thickness of approximately 10nm. During the oxida- 
tion process, oxidants slightly enter the buffer oxide lay- 

43 er 91 2a under the SiN mask 91 4a from the edge of the 
SiN pattern to form a "bird's beak" 922 shape. The "blrtf s 
beak" 922 shape determines the curved intersection of 
the top and side surfaces formed in subsequent steps. 
[0081] As shown in FIG. 10O, the oxidized layer 920 

30 and the silicon surface layer 906 are etched using the 
SiN mask 914a to form a region of active silicon 930. 
When the silicon surface layer 906 is formed having a 
<100> direction, the active silicon region 930 is subse- 
quently formed having a <100> direction. 

55 [0082] As shown in FIG. 10E, the SiN 914a and the 
oxide 922 are removed. The active silicon 930 has the 
rounded active comer 936 at the intersection of the top 
and side surfaces of the active silicon 930, due to the 
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"bircf s beak" formed during the oxidation step. In addi- 
tion. the top and side surfaces of the active silicon 930 
have a {100} orientation. 

[0083] As shown in FIG. 1 0F. the surface of the active 
silicon 930 is oxidized to form a gate dielectric layer 940. 5 
The gate oxide thickness is approximately 1 3nm. The 
gate dielectric layer 940 is formed by a CVD or ALD 
method. SIN, high-k dielectric materials, or a composite 
of them can be used in place of silicon oxide. 
[0084] As shown in FIG. 10G, a gate electrode 950 is io 
formed. The gate electrode 950 can have a thickness of 
approximately 80nm. Source/ drain implantation, silici- 
dation, contact formation, and metal formation can be 
subsequently performed in conventional sequence to 
complete the triple gate transistor formation. 
[0085] In this manner, by selecting the channel direc- 
tion of the transistor as a <100> channel direction, a re- 
duction in the degradation of NBTI in triple gate transis- 
tors is achieved. 

[0086] FIG. 1 1 contains a graph describing the time 20 
evolution of the threshold voltage shift caused by NBTI 
stress in (1) conventional p-channel triple-gate transis- 
tors having a <110> channel direction, and (2) planar 
transistors. It is shown that conventional triple gate tran- 
sistors in a <1 1 0> channel direction have a significantly 25 
greater threshold voltage shift than planar transistors. 
As explained above, this higher shift is due to the {110} 
side surface of the triple-gate transistor. This consider- 
able difference in threshold voltage shift can result in a 
significant increase over the device's lifetime. 30 
[0087] FIG. 12 contains a graph showing the stress 
gate voltage dependence of the threshold voltage shift 
caused by NBTI stress for the conventional p-channel 
triple gate transistor with a channel direction of <110> 
and planar transistors. 55 
[0088] FIG. 13 contains a graph showing the stress 
temperature dependence of the threshold voltage shift 
caused by NBTI stress for a conventional p-channel tri- 
ple gate transistor having a channel direction of <1 1 0> 
and planar transistors. 40 
[0089] FIGs. 12 and 13 contain graphs showing the 
side surface components of the threshold voltage shift 
caused by NBTI in conventional triple gate transistors. 
The conventional triple gate transistor having a <11 0> 
channel direction has a higher threshold shift than pla- 45 
nar transistors due to the side surface of the conven- 
tional triple gate transistor having a {110} crystal orien- 
tation. 

[0090] FIG. 1 4 contains a graph showing an improved 
NBTI result of the present invention. By changing the so 
channel direction of the active region of the triple gate 
transistor from <110> to <100>, the side channel sur- 
face is changed from a {11 0} surface to a {1 00} surface, 
in concert with active region edge radius control, result- 
ing in a smaller threshold voltage shift than both con- ss 
ventional <110> triple gate transistors and planar tran- 
sistors, and improving the degradation of NBTI. 
[0091] While this invention has been particularly 



shown and described with references to preferred em- 
bodiments thereof , it will be understood by those skilled 
in the art that various changes in form and details may 
be made herein without departing from the spirit and 
scope of the invention as defined by the appended 
claims. 



Claims 

1 . A semiconductor device comprising: 

a semiconductor wafer; and 
a multi-gate transistor formed on the semicon- 
ductor wafer, the multi-gate transistor compris- 
ing: 

an active region having a top and side sur- 
faces, wherein the top and side surfaces 
are formed in crystal planes of a first orien- 
tation, and wherein the active region is ori- 
ented in a first direction; 
a gate dielectric on the top and side surfac- 
es of the active region; 
channels in the top and side surfaces of the 
■ active region; and 

gate electrodes on the gate dielectric cor- 
responding to the channels and aligned 
perpendicular to the active region such that 
current flows in the first direction. 

2. The semiconductor device of claim 1 , wherein the 
crystal planes of the first orientation are {1 00} crys- 
tal planes. 

3. The semiconductor device of claim 1 , wherein the 
first direction is a <100> crystal direction. 

4. The semiconductor device of claim 1 , wherein the 
semiconductor wafer comprises an orientation indi- 
cator that indicates a <110> crystal direction, and 
wherein the active region is aligned 45 degrees with 
respect to the orientation indicator. 

5. The semiconductor device of claim 1 , wherein an 
intersection of the top and side surfaces of the ac- 
tive region is curved. 

6. The semiconductor device of claim 5 , wherein a ra- 
dius of curvature at the intersection of the top and 
side surfaces is at least 4.5 times the thickness of 
the gate dielectric. 

7. An SOI device comprising: 

a supporting substrate having a first orientation 

indicator in a first direction; 

a SOI layer over the supporting substrate, the 
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SOI layer having a second orientation indicator 
in a second direction; and 
a multi-gate transistor formed on the SOI layer, 
the multi-gate transistor comprising: 

an active region in the multi-gate transistor 
having a top and side surfaces, wherein the 
active region is aligned at 45 degrees with 
respect to the second direction; 
channels formed in the top and side surfac- 
es of the active region; and 
gate electrodes corresponding to the chan- 
nels, and aligned perpendicular to the ac- 
tive region. 

8. The SOI device of claim 7, wherein the f irst direction 
and the second direction are the same. 

9. The SOI device of claim 7, wherein the first direction 
is 45 degrees with respect to the second direction. 

10. The SOI device of claim 7. wherein the active region 
has the top and side surfaces in {100} crystal 
planes. 

11. The SOI device of claim 7, wherein the second di- 
rection is the < 11 0> crystal direction, and wherein 
the active region is aligned in the <100> crystal di- 
rection. 

12. The SOI device of claim 7 f wherein an intersection 
of the top and side surfaces of the active region is 
curved. 

13. The semiconductor device of daim 12, wherein a 
radius of curvature at the intersection of the top and 
side surfaces is at least 4.5 times the thickness of 
the gate dielectric. 

14. A semiconductor device comprising: 

a semiconductor wafer; 
a shallow trench isolation region on the semi- 
conductor wafer; and 

a multi-gate transistor on the semiconductor 
wafer In proximity to the shallow trench Isola- 
tion region, the multi-gate transistor compris- 
ing: 



region such that current flows in the first di- 
rection. 

15. The semiconductor device of claim 14. wherein the 
5 crystal planes of the first orientation are {100} crys- 
tal planes. 

16. The semiconductor device of claim 14, wherein the 
first direction is the <100> crystal direction. 

17. The semiconductor device of claim 14. wherein the 
semiconductor wafer comprises an orientation indi- 
cator that indicates a <110> crystal direction, and 
wherein the active region is aligned 45 degrees with 
respect to the orientation indicator. 

18. The semiconductor device of claim 14, wherein an 
Intersection of the top and side surfaces of the ac- 
tive region is curved. 

19. The semiconductor device of claim 18, wherein a 
radius of curvature at the intersection of the top and 
side surfaces is at least 4.5 times the thickness of 
the gate dielectric. 

20. The semiconductor device of claim 14, wherein a 
lower portion of the shallow trench isolation region 
contains a dielectric material. 

21 . A method for forming an SOI device comprising: 

forming a supporting substrate having a first 
orientation indicator in a first direction; forming 
a SOI layer over the supporting substrate, the 
SOI layer having a second orientation indicator 
in a second direction; and 
forming a multi-gate transistor on the SOI layer, 
forming the multi-gate transistor comprising: 

forming an active region having a top and 
side surfaces, and aligning the active re- 
gion at 45 degrees with respect to the sec- 
ond direction; 

forming channels in the top and side sur- 
faces of the active region; and 
forming gate electrodes corresponding to 
the channels, and aligning the gate elec- 
trodes perpendicular to the active region. 
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an active region having a top and side sur- so 22. The method as claimed in claim 21 , wherein forming 
feces, wherein the top and side surfaces the SOI layer comprises: 
are formed in crystal planes of a first orien- 
tation, and wherein the active region has a forming a buried oxide layer; and 
first direction; forming a Si surface layer on the buried oxide 
a gate dielectric formed on the top and side 55 layer, 
surfaces of the active region; and 

gate electrodes formed on the gate dielec- 23. The method of claim 22, wherein the Si surface lay- 
trie and aligned perpendicular to the active er defines the second direction. 



17 



EP 1 566 844 A2 



18 



24. The method as claimed in claim 21 , wherein the first 
direction and the second direction are the same. 

25. The method as claimed in claim 21 , wherein the first 
direction is at 45 degrees with respect to the second 
direction. 



34. The method as claimed in claim 21 , wherein forming 
the gate electrodes comprises the step of oxidizing 
the exposed active region. 

s 35. A method for forming a semiconductor device com- 
prising: 



26. The method as claimed in claim 21 , wherein the ac- 
tive region is formed having the top and side sur- 
faces in {100} crystal planes. 

27. The method as claimed in claim 21, wherein the 
second direction is the <110> crystal direction, and 
the active region is oriented in a <100> crystal di- 
rection. 

28. The method as claimed in claim 21 , wherein an In- 
tersection of the top and side surfaces the active 
region is curved. 

29. The method as claimed in claim 28, wherein a radi- 
us of curvature at the intersection of the top and side 
surfaces is formed to be at least 4.5 times the thick- 
ness of the gate dielectric. 

30. The method as claimed in claim 28, wherein forming 
the active region with the curved intersection of the 
top and side surfaces comprises: 

forming a buffer oxide layer on the SOI layer; 
forming a silicon nitride layer on the buffer oxide 
layer 

etching the silicon nitride layer and the buffer 
oxide layer to form a mask; 
defining an active region using the mask; 
oxidizing the SOI layer to form an oxidized lay- 
er; 

etching the oxidized layer and the Si surface 
layer using the mask; and 
removing the silicon nitride layer and the oxi- 
dized layer, and exposing the active region. 

31. The method as claimed in claim 30, wherein oxidiz- 
ing the SOI layer forms a "bird's beak" shape with 
the oxidized layer to create the curved Intersection 
of the top and side surfaces of the active region. 



forming a semiconductor wafer; 
forming a shallow trench isolation region on the 
10 semiconductor wafer; and 

forming a multi-gate transistor on the semicon- 
ductor wafer In proximity to the shallow trench 
isolation region, forming the multi-gate transis- 
tor comprising: 

15 

forming an* active region having a top and 
side surfaces In crystal planes of a first ori- 
entation; 

forming a gate dielectric on the top and side 
20 surfaces of the active region; and 

forming gate electrodes on the gate dielec- 
tric and aligning the gate electrodes per- 
pendicular to the active region. 

25 36. The method as claimed in claim 35, wherein the 
crystal planes of the first orientation are formed as 
{100} crystal planes. 

37. The method as claimed in claim 35, wherein the first 
30 direction is the <100> crystal direction. 

38. The method as claimed in claim 35, wherein an in- 
tersection of the top and side surfaces of the active 
region-is curved. 

35 

39. The method as claimed in claim 38, wherein a radi- 
us of curvature at the intersection of the top and side 
surfaces is at least 4.5 times the thickness of the 
gate dielectric. 

40 

40. The method as claimed in claim 35, wherein the 
semiconductor wafer comprises an orientation indi- 
cator that indicates a <110> crystal direction, and 
wherein forming the active region comprises align- 

43 ing a lithography mask at 45 degrees with respect 
to the orientation Indicator. 



32. The method as claimed in claim 21 , wherein forming 
the active region further comprises aligning a lithog- 
raphy mask at 45 degrees with respect to the sec- 
ond direction of the SOI layer. 

33. The method as claimed in claim 21 , wherein forming 
the active region further comprises aligning a lithog- 
raphy mask with the second direction, the mask 
having a <110> oriented active pattern at 45 de- 
grees with respect to the second direction of the SOI 
layer. 



41. The method as claimed in claim 35, wherein the 
semiconductor wafer comprises an orientation indi- 

50 cator that indicates a <110> crystal direction, and 
wherein forming the active region comprises align- 
ings lithography mask with the orientation indicator, 
the mask having a < 11 0> oriented active pattern 
at 45 degrees with respect to the orientation indica- 
tor. 

42. The method as claimed in claim 35, wherein the 
gate dielectric and the gate electrode are formed 
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sequentially. 

43. The method as claimed in claim 35. wherein forming 
the shallow trench isolation region comprises filling 
a lower portion of the shallow trench isolation region * 
with dielectric materials. 
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